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Desmosomes and corneodesmosomes are the most important adhering junctions, providing strength for
the epidermal sheet structure made of living keratinocytes and enucleated stratum corneum corneo-
cytes, respectively. These junctions are connected directly with transmembrane desmosomal cadherins,
desmogleins (Dsgs), and desmocollins (Dscs); mainly Dsg1/Dsc1 and Dsg3/Dsc3 in desmosomes, and
Dsg1/Dsc1 with corneodesmosin in corneodesmosomes. Dsgs and Dscs are associated with several
proteins at their inner cytoplasmic domains to anchor keratin intermediate ﬁlaments. Desmosomes are
not static, but dynamic units that undergo regular remodeling to allow for keratinocyte outward-
migration in the epidermis. In corneodesmosomes, this dynamic nature of desmosomes is lost by
ﬁxing desmosomal cadherins with corneodesmosin at the intercellular domain of desmosomes and
possibly with the formation of peptide bonds by activation of transglutaminase-1 at the intracellular face
of desmosomes. Immediately after formation, corneodesmosomes normally commit to degradation,
which is complicatedly regulated by proteolytic cleavage of their respective extracellular portions, via
kallikrein-regulated peptidases and cathepsins. This proteolytic activity is in turn controlled by a variety
of inhibitory agents, including protease inhibitors, cholesterol sulfate, and an acidic gradient. The
impairment of protease control causes keratinization disorders. This review focuses on the regulation of
corneodesmosome remodeling in relation to disorders of the stratum corneum.
Copyright © 2015, Taiwanese Dermatological Association.
Published by Elsevier Taiwan LLC. All rights reserved.Introduction
This short review summarizes the second half of an invited lecture
entitled “Implications of desmosome- and corneodesmosome-
remodeling dynamics in pemphigus and disorders of stratum cor-
neum”, which was included in the 5th Annual Congress of Pan
Asian-Paciﬁc Skin Barrier Research Society (November 22nd, 2014)
in Tainan, Taiwan. The ﬁrst half of the lecture, which was related to
desmosome dynamics including pemphigus mechanisms, was
similar to my review articles published in The Kaohsiung Journal of
Medical Sciences1 and Cell Communication and Adhesion.2
Corneodesmosomes are an adhesion structure of the stratum
corneum, similar to desmosomes in living epidermal keratino-y have no ﬁnancial or non-
atter or materials discussed
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cal Association. Published by Elsevcytes. Desmosomes and corneodesmosomes are connected
directly with transmembrane desmosomal cadherins, desmogleins
(Dsgs), and desmocollins (Dscs); mainly Dsg1/Dsc1 and Dsg3/Dsc3
in desmosomes, and Dsg1/Dsc1 with corneodesmosin in
corneodesmosomes.3e5 Although desmosomes are dynamic units
that undergo regular remodeling to allow for keratinocyte5
outward-migration in the epidermis,2 corneodesmosomes
(which are matured from desmosomes by association of corneo-
desmosin during the transition from granular cells to corneocytes
as the last step of terminal differentiation of keratinocytes) are
static and cannot reassemble once detached by degradation.
Degradation of corneodesmosomes is a complicated process that is
ﬁnely regulated by proteolytic cleavage of the extracellular do-
mains with kallikrein-regulated peptidases (KLKs), which are
serine proteases of the kallikrein family, and cathepsins.6 This
proteolytic activity is in turn controlled by a variety of inhibitory
agents, including protease inhibitors, cholesterol sulfate, and an
acidic gradient.6 Consequently, the number of corneodesmosomes
gradually decreases from the deeper compact to the superﬁcial
basket-weave stratum corneum and their distribution alters.7ier Taiwan LLC. All rights reserved.
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cytes in the deeper compact stratum corneum, they limit their
distribution to only the periphery of individual corneocytes in the
upper basket-weave stratum corneum, forming a honeycomb
pattern distribution as visualized by anti-Dsg1 staining of tape-
stripping samples. In this review, the generation of a basket-
weave pattern of stratum corneum is discussed in terms of cor-
neodesmosome distribution, water-barrier function of stratum
corneum, and their impairments as seen in ichthyosis.
The structural maturations from desmosomes to
corneodesmosomes
The principal functions of desmosomes and corneodesmosomes are
cellecell adhesion to maintain a strong and tough sheet of cells, i.e.,
the epidermis. However, their regulations of remodeling completely
differ, because their assembling modes of constituent molecules
differ, althoughalmost all of themolecularconstituentsare thesame.
Desmosomes connect two adjacent keratinocytes with trans-
membrane desmosomal cadherins, which are mainly Dsg1e4, and
Dscs 1e3. Their intracellular C-terminal halves bind to Armadillo
proteins: plakoglobin (PG), plakophillins (Pphs), p120-catenin, and
to the N-terminus of desmoplakins (Dpks), a plakin family member,
which bind to KIFs (Figure 1).4e6
Corneodesmosomes are an adhesion structure of corneocytes,
i.e., stratum corneum cells, which contain all molecules of the
granular cell desmosomes, although they are ﬁxed with corneo-
desmosin at the extracellular surface of desmosomes as the last step
of terminal differentiation of keratinocytes. Since corneodesmosin,
which is a basic protein, possesses a homophilic adhesive property
between proteins8 due to high levels of glycine, serine, and proline,Figure 1 Schema of the molecular organization of desmosomal components (left) and corne
by cell signaling. All desmosomal peptides repeat dynamically assemble and disassemble. In
possibly by transglutaminase inside of the cell and by corneodesmosin outside of the cell
breakdown.forming glycine loops similar to those of keratins and loricrin,9,10
corneodesmosin is made by a strong bond at the extracellular
core (desmoglea) of corneodesmosomes (Figure 1).8
The function of corneodesmosomes
Figure 2 shows that the epidermis can be divided functionally into
three layers. The ﬁrst layer is a water barrier formed by lamellar
lipids and a sheet of corneocytes, riveted with corneodesmosomes.
The second layer is amolecular, but notwater, barrier compartment
around the ﬁrst layer of granular cells, formed between the bottom
of the stratum corneum and the apical surface of the second
granular cell layer, which is surrounded with tight junctions. These
tight junctions function as molecular gates to control the molecular
constituents in this ﬂuid compartment by blocking the ﬂow of
proteases, which are secreted from the ﬁrst layer granular cells and/
or the apical face of the second layer granular cells, into the deeper
intercellular compartments of the epidermis. The third layer is a
precursor and sustaining layer for the above two layers, constructed
with a keratinocyte sheet bound with desmosomes and keratin
cytoskeletons. The degradation modes of corneodesmosomes
control the water-barrier function of the stratum corneum by
regulating the intercellular space for the formation of widely
spread lipid multilayers. The degradation processes of corneo-
desmosomes are discussed later.
Remodeling mechanisms of corneodesmosomes to maintain
the water-barrier function of the epidermis
In contrast to the dynamic remodeling of desmosomes (repeating of
assembly and disassembly), which is regulated by phosphorylationodesmosome components (right). Adhesion of desmosomes is dynamic and controlled
contrast, in corneodesmosomes, all of these peptides are bound and ﬁxed to each other
s. Corneodesmosomes are subjected to one-way passively regulated remodeling; i.e.,
Figure 2 Three functional layers of the epidermis. The epidermis can be divided functionally into three layers. (1) A water barrier formed by lamellar lipids and a sheet of cor-
neocytes, riveted with corneodesmosomes. (2) The second layer is a molecular, but not water, barrier of liquid compartment formed by tight junctions of the second granular cell
layer under the stratum corneum. (3) The third layer is a precursor and sustaining layer for the above two layers, constructed with a keratinocyte sheet bound with desmosomes and
keratin cytoskeletons.
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control keratinocyte migration and wound healing,2 corneo-
desmosomes have no reassemble systems, only degradation sys-
tems by serine proteases, including mainly KLKs. This well-
controlled degradation processes appear to be essential to form a
peripheral, honeycomb pattern of corneodesmosome distribution,
which explains how basket-weave stratum corneum is formed
during procedures of hematoxylin and eosin (HE)-stained thin
sections, and is essential also tomaintain thewater-barrier function
of stratum corneum.Figure 3 Schematic demonstrations of corneodesmosome remodeling in the stratum corneu
to a peripheral honeycomb pattern of corneodesmosome distribution in the upper basket-
stratum corneum samples. Degradation of corneodesmosomes is ﬁnely regulated by pro
schema). This proteolytic activity is in turn controlled by protease inhibitors as such LEKTI,
corneodesmosomes gradually decreases from the deeper to the superﬁcial stratum corneuCorneodesmosome distribution determines basket-weave and
compact patterns of stratum corneum
Histology of the human skin demonstrates that the stratum cor-
neum consists of two layers, i.e., an upper basket-weave pattern
layer and a lower compact layer (Figure 3). By immunoﬂuorescence
microscopy of tape-stripped samples of stratum corneum using
anti-Dsg1 antibody, corneocytes of the basket-weave stratum cor-
neum have a peripheral distribution of corneodesmosomes, seen as
a honeycomb pattern, whereas those of the compact stratumm. A homogeneously-spotted pattern in the deeper compact stratum corneum changes
weave stratum corneum as visualized by anti-desmoglein 1 antibody of tape-stripped
teolytic cleavage of the extracellular domains with KLKs and other proteases (right
cholesterol sulfate, and an acidic gradient (right schema). Consequently, the number of
m.
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desmosomes, illustrating a homogeneously-spotted pattern over
the entire corneocyte surface (Figure 3).7,11,12 Immunoﬂuorescence
microscopy of human skin thin sections stained with anti-
corneodesmosin antibody illustrated that almost all of the con-
necting points of the basket-weave pattern of stratum corneum
were positive, reﬂecting a peripheral, honeycomb pattern distri-
bution of corneodesmosomes.13
Concerning the water-barrier function of basket-weave and
compact stratum corneum, it has been demonstrated that a
reduced number of corneodesmosomes, i.e., the number of Dsg1
puncta is correlated with an increase in water-barrier function as
evaluated by transepidermal water loss, suggesting an importance
of the basket-weave pattern formation of stratum corneum and
peripheral distribution of corneodesmosomes.7
Another function of the peripheral distribution of corneo-
desmosomes (honeycomb pattern) is to maintain ﬂexibility of
stratum corneum as a whole layer. In normal skin, a honeycomb
pattern of corneodesmosomes may permit the skin surface to
attenuate such forces/pressures by allowing the shape of corneo-
cytes to change, and as such “slide” although minimally, between
the upper and lower stratum corneum in sync with the multilay-
ered lipids between corneocytes, allowing stratum corneum to
bend/ﬂex without cracking in normal epidermal stratum corneum.
This function will be more clearly understood by referring to the
stratum corneum of X-linked ichthyosis, which has a nonperipheral
pattern distribution of corneodesmosomes (Figure 4)11,12Regulation of corneodesmosome degradation with tightly
balanced protease and inhibitor activities
Degradation of corneodesmosomes is a complicated process that is
ﬁnely regulated by proteolytic cleavage of the extracellular do-
mains with KLKs and cathepsins.6 This proteolytic activity is in turn
controlled by a variety of inhibitory agents, including protease
inhibitors, cholesterol sulfate, and an acidic gradient.12 Under this
strict control, the number of corneodesmosomes graduallyFigure 4 Disruption of corneodesmosome remodeling from the central to the peripheral dist
of this remodeling in ichthyosis vulgaris and complete loss of this remodeling in recessive X
stratum corneum and be profoundly involved in manifestations of clinical features, as suchdecreases from the deeper to the superﬁcial stratum corneum, and
generates a honeycomb pattern distribution at the periphery of
individual corneocytes in the superﬁcial stratum corneum
(Figure 3).11,12
Proteases in the stratum corneum
The rate of proteolytic degradation of the extracellular portion of
corneodesmosomes regulates the desquamation modes with a
strictly controlled balance between proteases and their inhibitors in
the intercellular spaces of corneocytes.14,15 Eight major KLKs are
known as proteases synthesized inmainly granular cells, secreted at
the last step of keratinization, and involved in desquamation of
human stratum corneum. Out of eight KLKs, KLK5 (the stratum
corneum tryptic enzyme, SCTE), KLK7 (the stratum corneum
chymotryptic enzyme, SCCE), and KLK14 are mainly involved in
the degradation of corneodesmosomes in human stratum
corneum.16e18 Because KLK5 activates KLK7 and KLK14, KLK5 may
be an initiating/activating enzyme in the KLK proteolytic cascade for
normal desquamation.19 These proteases are synthesized by kera-
tinocytes in the granular cell layer of the epidermis, and secreted as
active SCTE as well as pro-SCTE. As for substrates, it is of great in-
terest to note that SCCE (KLK7) has been shown to directly degrade
both corneodesmosin and Dsc1, but is unable to degrade Dsg1,
whereas SCTE (KLK5) can degrade all three of these corneodesmo-
somal components.19 Corneodesmosin degradation is thought to be
one of the major biochemical changes that leads to desquamation.5
Regulation mechanisms of KLK activities in the stratum
corneum
The mechanisms involved in regulating protease activities includes
at least three major inhibition ways, i.e. (1) protease inhibitors
secreted from granular cells, (2) cholesterol sulfate, and (3) a pH
gradient in stratum corneum.
The most important protease inhibitor in the human stratum
corneum is lymphoepithelial Kazal-type inhibitor (LEKTI), which isribution in ichthyosis vulgaris and recessive X-linked ichthyosis. The severe impairment
-linked ichthyosis generates a compact stratum corneum, which may lose ﬂexibility of
cracking of scales.
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thesized in and secreted from granular cells, inhibits KLK5, KLK7,
and KLK14.20,21 LEKTI and KLK7 are separately secreted from
granular cells, but colocalized after secretion in the extracellular
space,22 as shown using immunoelectron microscopy. These results
suggest that the regulation of KLK-protease activity is controlled by
forming inhibitory complexes of KLKs with LEKTI just after release
into the closed compartment around granular cells of the ﬁrst layer
(just beneath the deepest corneocytes; the molecular barrier
compartment shown in Figure 2) and by releasing LEKTI from KLKs
to activate microenvironments within the intercellular space be-
tween corneocytes during their outward translocation.
The stratum corneum of lower layers has a neutral-pH micro-
environment, in which LEKTI is bound to KLKs immediately after
release from granular cells. Therefore, KLKs are kept in an inacti-
vated condition. To activate KLKs, acidiﬁcation of the microenvi-
ronment is required, because LEKTI is released from KLKs in acidic
conditions. In this regard, the existence of a pH gradient has been
demonstrated in human stratum corneum by sequential tape
stripping.23 In humans, surface pH is usually acidic (i.e., pH
4.5e5.3), with decreased acidity to near neutral (pH 6.8) in the
lower stratum corneum. Therefore, release of KLKs from LEKTI
results in activation of KLKs.22 Thus, proteases including SCCE and
SCTE are thought to be gradually activated following the gradient
of pH (to more acidic) in the outermost layers of the stratum cor-
neum. Acidiﬁcation of microenvironments in the stratum corneum
may be generatedmainly by endogenous free fatty acids (FFA) from
phospholipids24 and amino acid/urocanic acid from ﬁlaggrin.6 As
described later, this pH gradient is disrupted by a shortage of
break-down products, such as urocanic acid from ﬁlaggrin in ich-
thyosis vulgaris, leading to the retention of corneocytes because
of undigested corneodesmosomes on the whole surface of
corneocytes.
Cholesterol sulfate is also a unique protease inhibitor as
demonstrated using in vitro experiments, in which cholesterol
sulfate inhibited both types of serine proteases, i.e., trypsin and
chymotrypsin.25 It has also been shown that cholesterol sulfate
content is lower in the upper layers and much higher in the deeper
layer of porcine stratum corneum,26 suggesting that the content of
cholesterol sulfate is desulfated to reduce the protease inhibitory
activity by sterol sulfatase, which is secreted from granular cells
and inﬁltrates into the stratum corneum interstices. Thus, the
resulting progressive decline in cholesterol sulfate content
throughout the stratum corneummay also contribute to the control
of corneodesmosome degradation. Defects in sterol sulfatase are
known to cause X-linked ichthyosis.27
Mechanisms of corneodesmosome remodeling from the
central to the peripheral distribution
Although, how peripheral corneodesmosomes escape from diges-
tion by KLKs is unclear during a period when central corneo-
desmosomes are digested and expired, involvement of tight
junctions or tight junction-like structures is suggested because of
their persistence at the periphery of the corneocytes, i.e., in the
lateral membranes, and closely opposed to corneodesmosomes, as
visualized using immunoelectron microscopy using antibodies
against components of tight junctions; anti-occludin and anti-
claudin-1 antibodies.28,29 Tight junction components may be inte-
grated and ﬁxed in the corneocytemembrane by transglutaminase-
1. Therefore, although these tight-junction components may be
static, but no longer dynamic, structures ﬁxed into corneocytes, it is
very feasible that these structures have a function in segregating
the membrane plane into horizontal compartments between cor-
neocytes, where these corneodesmosomes may be protected fromKLKs by being surrounded with these tight junctions/tight-
junction-like structures during the digestion of corneodesmo-
somes of the central membrane areas of corneocytes.13,28,29
Disruption of corneodesmosome remodeling from the central
to the peripheral distribution is associated with
keratinization disorders
One of the most representative clinical cases which is caused by
interrupting corneodesmosome remodeling from the central to the
peripheral distribution is ichthyosis vulgaris (MIM 135940). Ich-
thyosis vulgaris, which is caused by ﬁlaggrin mutation, is charac-
terized by generalized hyperkeratosis, showing large scales on the
extensor surfaces of the extremities and histologically by a mod-
erate degree of hyperkeratosis, with compact, but incomplete, or no
basket-weave architecture of stratum corneum, and basically
lacking granular cell layers (Figure 4). The corneodesmosomes
distribute as a diffuse-homogenous or a broad peripheral pattern,
but lack the normal, sharply-deﬁned peripheral network/dotted
distribution pattern, as revealed by anti-Dsg1 antibody immuno-
ﬂuorescence of tape-stripped samples of human skin (Figure 4).11,12
This abnormal distribution of corneodesmosomes may be gener-
ated by their delayed degradation, because ichthyosis vulgaris skin
has been demonstrated to have near neutral pH nearly halfway
through the horny layer30,31 and an elevated pH may increase the
binding afﬁnity between LEKTI and KLKs,32 impairing the ﬁne-
controlled activation of proteases and degradation of corneo-
desmosomes. This elevation of pH in ichthyosis vulgaris (caused by
genetic defects of ﬁlaggrin), may be explained by a decrease in
urocanic acid and pyrrolidone contents, which are breakdown
products of ﬁlaggrin and known to play important roles in the
acidiﬁcation of the skin surface.25,29 Incomplete digestion of cor-
neodesmosomes is thought to result in the observed retention
hyperkeratosis in ichthyosis vulgaris.
Another representative clinical case associated with disruption
of this remodeling is recessive X-linked ichthyosis (MIM 30810),
which is characterized by generalized hyperkeratosis, showing
large dark brown scales predominantly on both the extensors. This
disease demonstrates characteristic histopathologic features of a
much thicker hyperkeratosis than ichthyosis vulgaris, compact
stratum corneum, and a complete loss of the basket-weave pattern
of stratum corneum, although associated with either a normal or
thickened granular cell layer (Figure 4).9 This disease is caused by
mutations of the gene for steroid sulfatase, which depletes sulfate
of cholesterol sulfate, and is characterized by the accumulation of
cholesterol sulfate in the stratum corneum.27 It has been shown
that excess cholesterol sulfate: (1) produces nonlamellar phase
separation in the stratum corneum interstices, explaining the
observed barrier abnormality; and (2) inhibits protease activity
sufﬁciently to delay corneodesmosome degradation.33 The latter is
thought to be involved in the generation of the nonperipheral
distribution of corneodesmosomes (compare Figure 3 and
Figure 4).
Because of retaining the nonperipheral corneodesmosome dis-
tribution still in the upper stratum corneum, i.e., the failure of
remodeling from nonperipheral (homogenous pattern) to periph-
eral (honeycomb pattern) distribution during the transition from
the deeper to upper layers, stratum corneum of X-linked ichthyosis
displays a thick retention hyperkeratosis without a basket-weave
pattern. This compact stratum corneum causes cracking of stra-
tum corneum leading to the formation of hexagonal scaling clinical
features, when the skin is subjected to normal lateral-pulling force
or pressure. This is because the stratum corneum of this disease
cannot permit the skin surface to attenuate such forces/pressures
by allowing the shape of corneocytes to change in contrast to
Y. Kitajima / Dermatologica Sinica 33 (2015) 58e63 63normal basket weave stratum corneum with a honeycomb pattern
of corneodesmosomes.
Conclusion
Normally, regulated remodeling from the central to the peripheral
distribution of corneodesmosomes on the cell surface of corneo-
cytes is required to maintain normal structures and barrier func-
tions of stratum corneum. This is suggested by facts that the
disruption of this remodeling causes peeling skin syndromes and
keratinization disorders associated with impaired barrier function.
Investigations on the regulatory mechanisms of this remodeling
will provide further understandings of the structure and functions
of the stratum corneum.
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